A new technique is proposed to reconstruct faulty wiring networks from the time-domain reflectometry (TDR) response. The developed method is also for characterization of defects in the branches of the network. The direct problem (propagation along the cables) is modeled by RLCG circuit parameters computed by finite element method (FEM) and the finite-difference time domain (FDTD) method. Genetic algorithms (GAs) are used to solve the inverse problem. The proposed method allows to accurately locate wire faults. Some examples are presented to validate and illustrate the ability of this reconstruction method.
I. INTRODUCTION
A GING wiring in cars, aircraft, trains, and other transportation means is identified as a critical security area. Fault location in wiring is a major cause for concern in automotive health maintenance. Wiring networks can be affected with two types of faults. "Soft ones" are created by the change of the impedance along the line due to simple deformation in the wire. "Hard faults" correspond to open and short circuits. For the first type of faults, the time-domain response of the faulty wiring presents a simple variation versus the impedance of the fault, in the defects location. In the case of hard faults, the structure of the network as well as the response changes. According to the application domain, the defects of cables may have catastrophic consequence [1] .
There are several emerging technologies that may help to locate and characterize the fault on the wires [1] - [4] . The most widely used technique for testing wires is reflectometry. It is based on the same principle as radar. A high-frequency electrical signal is sent down the wire, where it reflects from any impedance discontinuity such as open or short circuits. The difference (time delay or phase shift) between the incident and reflected signal is used to locate the fault on the wire. The nature of the input signal is used to classify each type of reflectometry: Time domain reflectometry (TDR) uses a fast rise time pulse [2] , frequency domain reflectometry (FDR) uses a sine-wave signal [3] , and sequence time-domain reflectometry (STDR) a pseudonoise (PN) code [4] . However, the reflectometry response itself is not self-sufficient to identify and locate the defects in the wire. There is the need to solve efficiently the inverse problem, which is to deduce knowledge about the defects from the response at the input of the line. For such analysis, an adequate wave propagation model is required in order to simulate the response of the line. Different methods have been proposed to locate faults on wiring. In a baseline method, the response of the faulty network is compared to either the premeasured or simulated response of its (known) healthy condition. With this method, it is not possible to detect, locate, and characterize defects in faulty wiring networks affected by two or more faults. Only the first fault near to the test point can be detected. In Bayesian approaches, the essential idea is to assign a quantifiable measure of certainty of belief to all possible variables (permittivity, impedance, location of the faults) [5] . It allows to find faults only in simple electrical wirings. In [6] , time-domain signal restoration and parameter reconstruction of a simple nonuniform RLCG transmission line is performed using the wave-splitting technique and the compact Green functions technique. It reconstructs the transmission lines parameters only in simple wirings.
The novelty of this paper is to propose an efficient method for the detection, characterization, and localization of defects in faulty wiring networks with multiconductors transmission lines (MTL) using the TDR response and genetic algorithms (GAs). Both types of defect (soft and hard) are considered. As a first step, a suitable model describes the propagation of the electromagnetic wave along MTL in the time domain: The model is based on the telegrapher's equations where the per-unit-length electrical parameters matrices , , , and are computed by a finite element method (FEM). Then, the wave propagation equations are solved with the finite-difference time domain (FDTD) method. In the second step, the GA solves the inverse problem by minimizing the error between the reflectometry response and the response given by the direct model.
II. WAVE PROPAGATION MODEL
The propagation in a MTL (including conductors) can be modeled by an RLCG circuit model [7] , as shown in Fig. 1 .
Writing Kirchhoff's low and taking the limit as leads to the following differential equations:
(1) (2) 0018-9464/$26.00 © 2010 IEEE In order to calculate the inductances and capacitances for any considered cross-section geometry, the finite element approach is considered [8] . The time-domain analysis of the MTL is determined by the FDTD. In this method, the line axis is discretized in increments, the time variable is discretized in increments, and the derivatives in MTL equations are approximated by finite differences.
In this work, the length of the spatial cell size is chosen to be small compared to the wavelength of the source signal, generally of the order of . The sampling interval chosen in the study is given by , where is the velocity of the propagation of the wire, with , being the speed of the light. This choice insures the stability on the time-stepping algorithm.
A. Validation Example
To validate the propagation model, the MTL with the cross section shown in Fig. 2 has been considered. It consists of 10 wires. The conductors' radius is , 5 mm, the radius of the dielectric insulation is , 85 mm, and the dielectric permittivity is . The MTL height above the ground plane is cm. The length of the MTL is 2.5 m. The 10 wires keep the same relative position along the entire MTL. The nonuniform bundle is generated by a rotation of the wires around the bundle axis of an angle between 0 and 180 [ Fig. 2(c)] [9] .
The MTL are discretized into sections of uniform transmission line (TL) with length m [ Fig. 2(a) ]. Each section is assumed to be a uniform TL that can be modeled by an equivalent lumped parameter circuit (Fig. 1) . The MTL are assumed to be a series cascade of uniform TL sections.
B. Comparison Between Measurement and Simulations
The impulse response is deduced from measurement of S11 parameters with a vector network analyzer (VNA) in frequency domain from 300 KHz to 500 MHz. Fig. 3 presents a comparison between simulated and measured values for the TDR response of the studied MTL. The first reflections descript the mismatch between the input impedance and the impedance of the MTL. The second reflection gives information about the length and the load of the MTL. The small reflections between these two principal reflections are due to the difference between real and simulated configuration of the MTL.
III. REFLECTOMETRY RESPONSE OF COMPLEX NETWORK
In this section, the FDTD method is used to simulate TDR responses for two different configurations in order to validate the propagation model.
A first comparison between numerical results and real measurements is performed for a complex network (Fig. 4) . The network includes six branches. The type of termination of the branches is indicated at the end of the branch. A raised cosine pulse [10] was used as a source signal otherwise (3) where is the pulse frequency. The impulse response is deduced from measurement of S11 parameter with a VNA in frequency domain from 300 KHz to 500 MHz [11] . Fig. 5 illustrates a good agreement between measured and simulation results, both for positions and amplitudes of the main peaks. The difference between the simulated and measured values may be due to the variation between the ideal and actual characteristic impedance of the cable, and also to the impedance of the connection that was not accounted for in the model.
In the second configuration, the analysis of a faulty wiring network is studied. The network shown in Fig. 4 is considered. It includes only one defect (or open-or short-circuit damage) at 6 m from the input and located on the branch with length m. The length of the defect is 1 cm. The reflectometry response for the different faults is compared to the response of its healthier version (Fig. 6) .
The signature at the fault location is blown up for better observation in the small box on the left. Reflections other than open and short circuit are small. They are so small that they are not easily seen on the original graph. 
IV. INVERSE PROBLEM

A. Solving the Inverse Problem by Genetic Algorithm
GAs are global numerical optimization methods based on genetic recombination and evolution in nature [12] . They use an iterative optimization procedure that starts with a randomly selected population of potential solution, and then gradually evolves toward a better solution through the application of the genetic operations, i.e., crossover, and mutation operators. Each operation is controlled with probability and , respectively.
In our problem, both the reflectometry response (measured or simulated) and the direct model are used to reconstruct the wiring network. The parameters are the lengths of the different branches or the location and impedance of the faults. From the reflectometry data of the wiring network under test, the methodology of reconstruction leads to the resolution of an inverse problem: GAs are used to minimize the objective function given by (4) , where is the given initial impulse response and the response given by the direct model.
B. Numerical Results
Two configurations have been studied. In a first one, a wiring network affected with one soft fault is considered. The second one involves networks affected by hard faults.
1) Example 1:
Let us consider the faulty wiring network as shown in Fig. 4 . The network is affected only in one branch with faults having a change in impedance on the order of , , and . In this case, the number of parameters is limited to three ( , ; impedance and the location). The reflectometry response is shown in Fig. 6 . The GA parameters and the result obtained for the different faults are shown in Table I .
The results are satisfactory: Defects impedances are close to that of the default value. Also, the positions are correctly recovered.
2) Example 2: In a second example, two configurations are studied. The first configuration illustrates the ability of the proposed method. In this case the optimized parameters are the lengths of the different branches of the network. The TDR measure (Fig. 5) is the input of the algorithm. Fig. 7 shows the results of the method: The reconstructed wiring network is very similar to the original structure. In a second configuration, the reconstruction of a wiring network affected by a hard fault is considered. We use as input of the algorithm the reflectometry response obtained using a frequency model based on standard microwave propagation theory [11] . The new wiring network reconstructed affected with an open circuit is illustrated in Fig. 8 . Fig. 9 compares the reflectometry response of the healthy network (frequency model) and the reconstructed one.
V. CONCLUSION
This paper describes an inverse procedure dedicated to time domain reflectometry for cable testing. The novelty of the methodology is that it addresses complex networks involving MTL and both types of faults (soft and hard). Two complementary steps were addressed. In the first step, a direct model was proposed to simulate the wave propagation using RLCG circuit parameters and the FDTD method in order to retrieve the response from the network under test. In the second step, the inverse problem is solved by minimizing the error between the given reflectometry response and the response of the direct model. This inverse problem was solved with genetic algorithms. Two types of defects have been studied. For the first one (soft defect), the location and reconstruction of physical parameters have been performed. For the second one (hard fault), the reconstruction of the faulty wiring network has been illustrated. The approach was tested against experimental data and demonstrated to be effective for the localization and characterization of defects.
